Abstract. We present a new layered, hardware-accelerated splatting algorithm for volume rendering. Layered volume splatting features the speed benefits of fast axis-aligned pre-classified sheet-buffer splatting while at the same time exhibiting display quality comparable to highquality post-classified view-aligned sheet-buffer splatting. Additionally, we enhance the quality by using a more accurate approximation of the volume rendering integral. Commonly, the extinction coefficient of the volume rendering integral is approximated by the first two elements of its Taylor series expansion to allow for simple α-blending. In our approach we use the original, exponential extinction coefficient to achieve a better approximation. In this paper we describe the layered splatting algorithm and how it can be implemented on the GPU. We compare the results in terms of performance and quality to prior state-of-the-art volume splatting methods.
Introduction
Direct volume rendering [1] is a method for visualizing discrete datasets without extracting explicit geometry. These datasets are often generated by regularly sampling a continuous scalar field. In order to visualize a dataset, the continuous scalar field (3D function) has to be reconstructed from the discrete dataset. Once the reconstruction step is finished, the volume rendering integral needs to be evaluated along the viewing rays. This can be done either in screen or in object space. A popular method is ray casting in conjunction with trilinear interpolation. While ray casting delivers good results, it is more costly to compute and only recent developments have achieved interactive frame rates.
Splatting as an object space method was introduced in [2] . Instead of evaluating every ray from the screen space as with ray casting, each voxel is being illuminated, classified and supplied with a footprint of an interpolation kernel and then projected onto the screen. Due to the inappropriate evaluation of the volume rendering integral, the results suffer from blurring and color bleeding. These issues were addressed by introducing axis-aligned sheet splatting [3] . Post-classified image-aligned sheet splatting has further overcome some drawbacks [4, 5] . Image-aligned approaches typically split the interpolation kernel into several slabs to better approximate the volume rendering integral. Thus for every single voxel, multiple slabs have to be rasterized. In terms of performance the multiplied rasterization costs are a major bottleneck. Our new algorithm limits the number of required splatting operations to exactly one per voxel without losing the quality advantages of splatting multiple kernel slabs per voxel. We achieve this by applying a correction term based on the previous and consecutive sheet. Hence the sheets are not independent from each other anymore and that's why we call a sheet a layer and the method layered volume splatting.
Furthermore, common approaches to volume rendering make simplifications regarding the evaluation of the volume rendering integral [6, 7] . The integral in its original form cannot be solved analytically without making some confining assumptions and thus needs to be approximated. It is usually developed into a Riemann sum. Moreover, only the first two elements of the Taylor series expansion of the exponential extinction coefficient are taken. This leads directly to Porter-Duff compositing as described in [8] and is well supported in graphics hardware. We think it is now feasible to use the original exponential extinction coefficient, by virtue of fast and programmable GPUs, in order to achieve a closer approximation of the volume rendering integral and thus a better quality.
The contributions of this paper are manifold. First, we introduce a novel, fast, GPU-accelerated volume splatting algorithm based on an axis-aligned layer concept. Second, we provide an effective interpolation correction solution that accounts for the overlap of blending kernels into adjacent layers. Also, we avoid the simplification of the attenuation integral in favor of a more accurate solution. Finally, we demonstrate the superior performance of layered splatting, achieving excellent quality equal to prior state-of-the-art splatting algorithms.
Previous Work
Volume splatting was originally introduced by Westover [2]. The algorithm works as follows: Every voxel is mapped from grid into screen space and the density and gradient values are converted into color values (pre-classification). Finally a reconstruction step and the compositing into the framebuffer are performed. Projecting the footprint of an interpolation kernel determines which pixels are affected by a voxel (forward mapping). The algorithm works quite fast but suffers from blurring and color bleeding as a result of pre-classification and improper visibility determination. In [3] a revised algorithm divides the volume into sheets along the axis most parallel to the view direction. The voxel contributions are summed up into a sheet buffer before being composited. However, the algorithm still sticks to pre-classification and pre-shading. Another drawback is the popping artifacts that may occur when the orientation of the sheet direction changes.
Crawfis and Max [9] exploit texture mapping hardware to accelerate the splatting operations and introduce a new reconstruction kernel based on Max' previous 2D optimization [10] . Seminal work on reconstruction and interpolation kernels is provided by Marschner and Lobb [11] . They study several reconstruction filters and classify them according to a new metric that includes
